The accidental importation of plant pathogens in or on the bodies of parasitoids imported as natural enemies has been raised as a potential risk of classical biological control projects involving insects that serve as vectors of plant diseases. During quarantine evaluation of two parasitoids, Tamarixia radiata Waterston and Diaphorencyrtus aligarhensis (Shafee, Alam and Agarwal), imported for classical biological control of Asian citrus psylla Diaphorina citri (Kuwayama) in Florida, we were asked to determine whether these parasitoids were free of the causal agent of Asian greening disease, the bacterium Liberobacter asiaticum. Preliminary tests with allele-specific polymerase chain reaction (Standard PCR) suggested that the assays were prone to false negatives. Another PCR protocol, Long PCR, previously was shown to be more reliable than Standard PCR for screening of insects for another bacterium (Wolbachia). The sensitivity of Long and Standard PCR protocols was compared by use of plasmid DNA containing two DNA fragments from the greening disease agent or plasmid mixed with DNA extracted from host plants, psyllids, or parasitoids. Results indicated that inhibitors of the PCR were present in both plant and insect DNA, making the Standard PCR relatively insensitive and allowing high levels of false negatives. Long PCR, which incorporates a second DNA polymerase with proof-reading activity, yielded consistent results and was orders of magnitude more sensitive than the Standard PCR. As few as 100 copies of plasmid mixed with either plant or insect DNA consistently could be detected. Long PCR assays conducted on pooled and individual T. radiata and D. aligarhensis, their psyllid hosts, or their host plants over a period of 6 months failed to produce any positives, indicating that release of these two parasitoids should elicit little concern that greening bacteria would be introduced accidentally into Florida through this classical biological control program.
INTRODUCTION
The Asian citrus psyllid, Diaphorina citri (Kuwayama) (Homoptera: Psyllidae), was first discovered in Florida in June 1998 in Palm Beach, Martin, and Broward counties in dooryard citrus and ornamental orange jasmine plants (Murraya paniculata (L.) Jack) (Halbert, 1998) . By June 1999, D. citri had colonized at least 12 counties in Florida and invaded commercial citrus groves. By June 2000, D. citri was found in more than 20 counties and is expected to colonize all 860,000 acres of citrus in Florida. D. citri causes direct feeding damage to young shoots of citrus due to its toxic saliva, but it is most important as a vector of a disease called Asian greening caused by the phloem-restricted intracellular bacterium Liberobacter asiaticum (Mead, 1977) . Asian greening is considered the most serious disease of citrus in Asia (Kiritani and Su, 1999 ). An eradication program was not initiated against D. citri because this pest was widely distributed when discovered and effective eradication methods are unknown.
A classical biological control program had been anticipated even before D. citri invaded Florida (Hoy and Nguyen, 1996) . During October and November 1998, two koinobiont parasitoids, the eulophid ectoparasitoid Tamarixia radiata Waterston and the encyrtid endoparasitoid Diaphorencyrtus aligarhensis (Shafee, Alam and Agarwal), were imported into quarantine from Taiwan and Vietnam (Hoy et al., 1999) . To reduce the risk of accidental importation of the greening pathogen into quarantine, only adult parasitoids were used to initiate colonies, adults were obtained from psyllids grown on M. paniculata (considered a nonhost for the pathogen), and no citrus foliage or immature psyllids were included in the shipments. The Florida Department of Agriculture and Consumer Services also requested that we determine whether the imported parasitoids were free of the greening bacterium prior to requesting permission to release them. The concern was based on the fact that citrus in both Taiwan and Vietnam are often affected with greening (Ching et al., 1989; Whittle, 1992) . We wished to avoid the accidental importation of the greening bacterium into Florida with these parasitoids because initial assays of psyllids collected from southern Florida, with the standard allelespecific polymerase chain reaction (Standard PCR) and 16S primers, suggested that the psyllid had arrived in Florida without this pathogen (Hoy et al., 1999) .
Parasitoids previously have been implicated as vectors of insect or plant diseases, primarily through mechanical transmission. For example, Bucher (1963) showed that the parasitoid Itoplectis conquisitor (Say) can transmit Serratia marcescens Bizio and Proteus mirabilis Hauser to pupae of Galleria mellonella (L.) when its ovipositor is contaminated. Nemeye et al. (1990) found that the braconid Heterospilus prosopidis (Schmiedeknecht), when contaminated with either of the Colletotrichum spores that are causal agents of coffee berry disease and mango anthracnose, could transmit both plant pathogens on their bodies. Dodd (1961) suggested the fungal plant pathogen Cercospora eupatorii Peck was accidentally introduced into Australia after the tephritid Procecidochares utilis Stone was introduced for the biological control of Crofton weed. Bell et al. (1974) found that 28% of Heliothis zea (Boddie) larvae became infected with Serratia marcescens and were killed when females of the parasitoid Microplitis croceipes Cresson had previously stung H. zea larvae infected with this pathogen. Jackson and McNeill (1998) found that the parasitoid Microctonus hyperodae Loan could transmit soil pathogens when ovipositing in Listronotus bonariensis (Kuschel). Indirect evidence suggests that the gypsy moth parasitoids Apanteles melanoscelus (Ratzeburg) and Parasitigena silvestris (Robineau-Desvoidy) serve as vectors of gypsy moth nuclear polyhedrosis virus (Reardon and Podgwaite, 1976) . Reardon and Podgwaite (1976) noted other examples of mechanical transmission of fungal, bacterial, microsporidial, or viral pathogens by parasitoids while feeding on or ovipositing in their respective hosts.
We are unaware of any data indicating that parasitoids of the Asian citrus psyllid have served as vectors of the greening pathogen and the risk seemed low. For example, to serve as a mechanical vector, parasitoid females would have to carry the bacterium from the infected psyllid host that they emerged from, or upon which they host-fed, to another psyllid that they oviposit on or in. The second, newly infected psyllid would have to be on an uninfected citrus tree and then have to transmit the pathogen to this citrus tree before the psyllid died from being parasitized or killed by hostfeeding. Alternatively, the psyllid nymphs being hostfed on by female parasitoids carrying the greening bacterium would have to survive the host-feeding episode (presumably a rare phenomenon) and transmit the bacterium to their citrus host. The odds of these events happening should be very low, but the consequences associated with accidental introduction of greening into Florida as the result of a classical biological control program would be major.
Detection of the Asian greening bacterium within parasitoids by the polymerase chain reaction was assumed to be an appropriate and sensitive method to meet the request of the Florida Department of Agriculture and Consumer Services because the pathogen previously was analyzed by the PCR (Tian et al., 1996; Jagoueix et al., 1996; Villechanoux et al., 1993) . A random clone had been generated from a greening strain from Poona, India that contained a 3197-bp region carrying the rplKAJL-rpoBC gene cluster with a portion of the nusG gene (Villechanoux et al., 1992 (Villechanoux et al., , 1993 . Jagoueix et al. (1994) and Nakashima et al. (1996) had used the 16S-23S intergenic spacer region of L. asiaticum to detect greening bacteria in citrus and psyllids, but the sensitivity of the assay and frequency of false negative results were not reported.
Preliminary work in our laboratory indicated that the Standard PCR produced a high frequency of false positive results, so we investigated the efficiency and sensitivity of the Long PCR protocol. The Long PCR protocol has been shown to more reliably amplify DNA than Standard PCR because two DNA polymerases are incorporated, one of which has proof-reading activity (Barnes, 1994) . Jeyaprakash and Hoy (2000) found that Long PCR improves the likelihood of detecting Wolbachia DNA (intracellular symbionts of arthropods) when mixed with host insect DNA, a situation comparable to the situation in which plant, psyllid, or parasitoid DNA would be mixed with greening DNA. Jeyaprakash and Hoy (2000) found that the Long PCR protocol was approximately six orders of magnitude more sensitive than Standard PCR when amplifying Wolbachia DNA.
In this paper we demonstrate that Standard PCR can produce high levels of false negatives for DNA of the greening pathogen and compare the sensitivity of Standard and Long PCR protocols using two different primer sets. The nusG-rplK DNA sequences from two isolates of L. asiaticum from Taiwan, three from China, and one from Vietnam were obtained from citrus foliage preserved in 95% EtOH. The PCR assay results are discussed in terms of risk analysis of a classical biological control program involving natural enemies of insect vectors of plant disease.
MATERIALS AND METHODS
DNA extractions. The midribs from citrus and M. paniculata were cut from three or four leaves with a clean single-edged razor blade for each sample. The midribs were sliced into small pieces in a sterile petri dish, divided into eight aliquots, and placed into eight Eppendorf tubes in which they were ground in 8 ml of CTAB buffer (2% cetyltrimethylammonium bromide, 100 mM Tris, pH 7.5, 20 mM EDTA, 1% polyvinyl pyrrolidone, and 1.4 M NaCl) for at least 5 min per tube with sterile disposable pipette tips as pestles. The ground leaves were frozen at Ϫ80°C for 10 min and then incubated at 60°C for 16 h. After two chloroform extractions, the eight aliquots of the DNA were precipitated in 2-propanol and resuspended in 200 l sterile water (Murray and Thompson, 1980 ). All DNA not used for the PCR was stored at Ϫ80°C.
Individual insects were ground up in sterile tubes with sterile pipette tips as pestles. DNA was extracted by the PUREGENE method as suggested by Gentra Systems (Minneapolis, MN). The final DNA pellet was resuspended in 20 l of sterile water.
Standard PCR protocol. Standard allele-specific PCR was performed by the hot start method in a 25-l reaction volume with either 16S or nusG-rplK primers. Reactions used 10 mM Tris, pH 8.3, 1.5 mM MgCl 2 , 50 mM KCl, 200 M dATP, dGTP, dCTP, dTTP, 400 pmol of 16S primers (23-mer, CN263F, 5Ј-GCGCG-TATGCAATACGAGCGGCA-3Ј and 18-mer, CN266R, 5Ј-CGCGACTTCGCAACCCAT-3Ј) or nusG-rplK primers (30-mer, MHO353, 5Ј-GTGTCTCTGATGGTC-CGTTTGCTTCTTTTA-3Ј and 30-mer, MHO354, 5Ј-GAACCTTCCACCATACGCATAGCCCCTTCA-3Ј; Fig.  1 ), and 0.8 unit Taq DNA polymerase (Roche Molecular Biochemicals) (Saiki, 1989) . The 16S rDNA band (1.2 kb) was amplified for 35 cycles and each cycle consisted of denaturation at 94°C for 30 s, annealing at 56°C for 30 s, and extension at 72°C for 1 min 30 s. The nusGrplK DNA band (0.6 kb) was amplified for 35 cycles and each cycle consists of denaturation at 94°C for 30 s and extension at 72°C for 1 min.
Long PCR protocol. Long PCR was performed in a 50-l reaction volume containing 50 mM Tris, pH 9.2, 16 mM ammonium sulfate, 1.75 mM MgCl 2 , 350 M dATP, dGTP, dCTP, dTTP, 800 pmol of primers (MHO353 and MHO354), 1 unit Pwo DNA Polymerase, and 5 units of Taq DNA Polymerase (Roche Molecular Biochemicals) (Barnes, 1994) . Long PCR was carried out with three linked temperature profiles: (i) 1 cycle consisting of denaturation at 94°C for 2 min; (ii) 10 cycles, each consisting of denaturation at 94°C for 10 s, annealing at 65°C for 30 s, and elongation at 68°C for 1 min; and (iii) 25 cycles, each consisting of denaturation at 94°C for 10 s, annealing at 65°C for 30 s, and extension at 68°C for 1 min plus an additional 20 s for each consecutive cycle. Only the nusG-rplK primers were used because the Long PCR protocol recommends that primers be 30-mers (Barnes, 1994) .
Recombinant DNA techniques. The 0.6-kb nusGrplK DNA fragment from Asian greening (from Taiwan, B121) was amplified by the Long PCR protocol and cloned by a T/A cloning strategy (Mead et al., 1991) into the pTZ19R SmaI site to generate plasmid pAJ91. The 1.2-kb SphI-SalI DNA fragment containing the L. asiaticum 16S ribosomal gene sequence was gel-purified from plasmid pG1-5 (kind gift from C. L. Niblett) and cloned into pAJ91 SphI-SalI sites to generate the 4.65-kb plasmid (Fig. 2) .
Comparing the sensitivity of Long and Standard PCR protocols. Preliminary results indicated that the Long PCR protocol is more sensitive and less likely to produce false negative results than Standard PCR for the amplification of greening DNA mixed with insect or plant DNA. To quantify the differences we compared three different PCR assays (Standard PCR with 16S primers, Standard PCR with nusG-rplK primers, and Long PCR with nusG-rplK primers), which were replicated on two different days. About 100 ng of citrus DNA or 10 ng of insect DNA were spiked with serially diluted (10 ng to 1 fg) pAJ96 plasmid carrying both the 16S rDNA and the nusG-rplK fragments of L. asiaticum (Fig. 2) . Ten nanograms of insect DNA is equivalent to approximately 1/10 the DNA in a single psyllid or parasitoid, and 100 ng of citrus DNA is equal to approximately 1/50 the DNA extracted from four citrus midribs. A Perkin-Elmer DNA Thermal Cycler 480 was used for all PCR assays.
Estimates of the copy number of pAJ96 were made based on comparisons of the band intensity of the plasmid and 1 g of size marker VI DNA in a gel in which both bands were stained with ethidium bromide. According to Maniatis et al. (1982, p. 249) , 100 fg of pBR322 yields approximately one transformation per 10,000 copies of the plasmid; hence, 1 fg is approximately equal to 100 copies of pAJ96, which is approximately the same size as pBR322.
DNA sequencing. DNA extracted from a citrus leaf sample sent in 95% EtOH from Vietnam was amplified by the Long PCR on December 17, 1998 with the nusGrplK primers and the PCR product was sequenced directly, as were five leaf samples (B121, B144, B317, B239, B268) obtained from the USDA-APHIS on December 8, 1998. All DNA sequencing was performed at the University of Florida Interdisciplinary Center for Biotechnology Research Core Facility with a PerkinElmer Applied Biosystems ABI PRISM Automated DNA Sequencer. Both DNA strands were sequenced and aligned by the MacDNAsis software package.
Survey of parasitoids and psyllids reared in quarantine. A total of 48 individuals imported from Taiwan in three separate shipments were sacrificed and tested individually by Standard and Long PCR (Table 1) . Individual and pooled parasitoids and psyllids reared on M. paniculata in the quarantine facilities were sampled individually or pooled and assayed by both Long and Standard PCR between October 1998 and June 1999, as shown in Table 1 .
RESULTS AND DISCUSSION
Difficulties with Standard PCR. Standard PCR assays, with 16S primers, were conducted on 50 psyllids collected from southern Florida on July 9, 1998. The results were negative (data not shown), suggesting that the psyllids had invaded Florida without the greening pathogen. However, when Standard PCR was conducted on a plasmid containing the 16S sequence (obtained on a later date as a positive control), one of two assays was falsely negative (data not shown). We concluded that the false negative could have been due to the fact that the 16S primers are relatively short and thus potentially less sensitive than longer primers. This raised concern that our previous test of the 50 psyllids from southern Florida could have included false negatives.
Longer primers (30-mers) thus were made with nusGrplK DNA sequences (Fig. 1) and tested with the Standard PCR protocol on known greening-infected citrus foliage obtained from Vietnam in 95% EtOH. The initial PCR was weakly positive, but when the assay was repeated with the same DNA and same PCR protocol, the second reaction was negative (data not shown). This false negative result suggested that the use of longer primers had not solved the false negative problem.
To evaluate the frequency of false negative results further, tests with the longer nusG-rplK primers and the Standard PCR protocol were conducted on five known greening-infected citrus foliage samples obtained in 95% EtOH on December 8, 1998 from the USDA-APHIS. Only two of these five leaf samples (B121-Taiwan, B-144-China) were positive by Standard PCR (Table 2) . When the same DNA was retested on December 9, 1998 with the same primers and protocol, none was positive ( Table 2 ), suggesting that we had a total of eight false negatives from 10 assays.
Long PCR assays. On December 11, 1998 when the Taiwan B121 was retested with the Long PCR protocol and the nusG-rplK primers, the Long PCR yielded very bright bands (Table 2) . On December 17, 1998 the stored DNA isolated from the Vietnam citrus and from B144, B317, B268, and B239 were retested with the nusG-rplK primers and the Long PCR protocol and all produced bright bands ( Table 2 ), indicating that the Long PCR protocol reduced the frequency of false negatives. The water controls were negative, as expected (data not shown).
DNA sequences. Sequences of the nusG-rplK region amplified by the Long PCR from the five samples obtained from USDA-APHIS and the Vietnam sample gave identical complementary sequences. All PCR products were the expected 0.6-kb length (Fig. 3B ) and all were 100% identical to the 631-bp region of the nusG-rplK locus of L. asiaticum in GenBank (Accession No. M94319).
The lack of variability in the nusG-rplK sequences obtained is likely due to the fact that the region amplified by the nusG-rplK primers is highly conserved. This region contains a portion of the nusG open reading frame (ORF) and a portion of the rplK ORF (Fig. 1) . Interestingly, the termination sequences of the nusG region overlap the promoter region of the rplK ORF. Thus, all the sequences are apparently functional and essential; because none are intergenic, the lack of vari- 
TABLE 1
Results of the Standard and Long PCR Assays with Two Primers (16S and nusG-rplK) ability could be due to the functional nature of these sequences.
Sensitivity analysis of Standard and Long PCR protocols.
The sensitivity analysis showed that the Long PCR protocol was significantly more sensitive than the Standard and the longer nusG-rplK primers were better than the shorter 16S primers. Both replicates gave comparable results so only a single gel photo is shown (Figs. 3-6) .
As expected, the longer nusG-rplK primers (30 mers) were more sensitive than the shorter 16S primers (18 and 23 mers) when Standard PCR was conducted on the plasmid DNA alone (Fig. 3) . Strong bands were produced with the nusG-rplK primers when 1 ng to 100 fg of template plasmid DNA was present (1 ng ϭ approximately 100 million and 100 fg ϭ approximately 10,000 copies of plasmid) (Fig. 3B) . The Standard PCR with the longer primers failed when large amounts of plasmid DNA template were present (1 g, 100 ng, and 10 ng), indicating that excess template DNA can result in false negative results (Fig. 3B) . No PCR product was produced with the nusG-rplK primers when only 10 fg of plasmid template (approximately 1000 copies) was present, indicating that a false negative was produced when too little template was present (Fig. 3B) . In contrast, only a faint band was produced when 10 pg of plasmid DNA was present with the shorter 16S primers (Fig. 3A) . Thus, the longer nusG-rplK primers increased the sensitivity of the Standard PCR by about two orders of magnitude at the lower concentrations of plasmid DNA. The no-DNA controls were negative, as expected.
When citrus DNA was mixed with the serial dilution of plasmid DNA, the Standard PCR protocol with the nusG-rplK primers was approximately fivefold less sensitive than the Long (Figs. 4B and 4C ). For example, strong nusG-rplK bands were produced from concentrations of template ranging from 10 ng to 10 pg by Standard PCR (Fig. 4B) and with as little as 1 fg (100 copies) of template with Long PCR (Fig. 4C) . The standard PCR with the 16S primers produced only one weak band with 10 ng of template DNA, indicating strong inhibition of the Standard PCR protocol when plant DNA is present.
The addition of insect DNA to the PCR assays (Figs. 5 and 6) gave results similar to that seen when citrus DNA was added to the plasmid template. The Long PCR protocol was approximately sevenfold more sensitive than the Standard PCR when psyllid DNA was present (Figs. 5B and 5C). Bright bands were produced by the Long PCR protocol when as few as 100 copies of plasmid DNA was added to the psyllid DNA (Fig. 5C ). The reactions with no template-DNA (Fig. 5C, lane 2) and the psyllid DNA alone (Fig. 5C, lane 3) were negative, as expected. There was no obvious advantage to use of the longer nusG-rplK primers in the Standard PCR in this case (Figs. 5A and 5B) .
Likewise, the Long PCR with the nusG-rplK primers was approximately sevenfold more sensitive than Standard PCR when plasmid DNA was added to DNA extracted from the parasitoid T. radiata (Figs. 6B and 6C) . All eight serial dilutions of plasmid DNA were   FIG. 3 . Relative sensitivity of the Standard PCR with 16S (A) and nusG-rplK primers (B). Differing amounts of plasmid AJ96 were used. Lane 1, DNA size marker; lane 2, no template-DNA control; lanes 3-11, 1 g, 100 ng, 10 ng, 1 ng, 100 pg, 10 pg, 1 pg, 100 fg, and 10 fg of pAJ96, respectively. amplified by the Long PCR protocol, and the negative controls (no-template DNA and T. radiata DNA alone) were negative, as expected (Fig. 6C, lanes 2 and 3) . In this case, the 16S primers gave as least as sensitive results as the longer nusG-rplK primers with Standard PCR (Figs. 6A and 6B) . Because all Long PCRs that used as little as 1 fg (100 copies) of plasmid DNA were positive (Figs. 4C, 5C , and 6C), another test was conducted to detect the lower limits of the assay with 0.1 fg of plasmid DNA mixed with either citrus, psyllid, or T. radiata DNA (data not presented). With a plasmid concentration of 0.1 fg, 10 of 20 reactions with plasmid ϩ citrus DNA gave a detectable band. No bands were detected in the reactions with psyllid DNA ϩ plasmid, and only one easily visible band was produced in the 20 reactions when plasmid was added to T. radiata DNA. The lower limit for consistent detection of plasmid DNA when mixed with either citrus, psyllid, or T. radiata DNA appears to be between 1 fg (ca. 100 copies) and 0.1 fg (ca. 10 copies).
Survey of parasitoids and psyllids reared in quarantine. All 48 parasitoids obtained from Taiwan and tested immediately after arrival into quarantine were negative, as expected, because they came from psyllids reared on Murraya, which is not considered a host for the greening pathogen (Table 1 ).
All individual and pooled parasitoids and psyllids reared on M. paniculata in the quarantine facilities in Gainesville were assayed by both Standard and Long PCR between October 1998 and June 1999 and all were negative for greening disease ( (Table 1) .
Analysis of risk. It is possible that the greening bacterium was introduced into Florida with the invading psyllid, although no symptoms of greening have been detected by plant pathologists to date. The risk depends on the source of D. citri, which currently is unknown. D. citri is native to the Indian subcontinent, Southeast Asia, and China but has spread to Africa and the Arabian Peninsula .
In the western hemisphere, D. citri previously invaded Brazil, but greening disease is reported to be absent in that country (Aubert, 1987; Gravena et al., 1996) . D. citri also has been reported from Honduras (Burckhardt, 1994) and, more recently, D. citri invaded Guadaloupe (Etienne et al., 1998) and Cuba (L. Vasquez, 1998, personal communication) 
FIG. 4.
Relative sensitivity of Standard PCR (A, B) and Long PCR (C) with 16S and nusG-rplK primers in the presence of 100 ng of citrus DNA. Lane 1, DNA size marker; lane 2, no template-DNA control; lane 3, 100 ng citrus DNA only control; lanes 4 -11, citrus DNA ϩ 10 ng, 1 ng, 100 pg, 10 pg, 1 pg, 100 fg, 10 fg, 1 fg pAJ96, respectively.
Florida came from Brazil, where the pathogen is reported to be absent, then the psyllids should have arrived without the greening disease agent. If the Florida psyllids came from Asia on M. paniculata foliage, which is considered a nonhost for greening, we may have avoided introduction of this citrus pathogen. However, the greening pathogen could be introduced into Florida in the future and, because an efficient vector is now present, the risk of establishing the pathogen in Florida is now greater.
Although it is impossible to "prove a negative," the failure to detect any greening DNA in multiple tests of the Murraya plants, psyllids, or parasitoids held in quarantine over a period of months with the sensitive Long PCR protocol supports the hypothesis that the risk of accidental introduction of greening into Florida with these parasitoids is very low. The Division of Plant Industry, Florida Department of Agriculture and Consumer Services agreed that the risk was low and granted permission to release both T. radiata and D. aligarhensis in Florida (Hoy and Nguyen, 2000) .
These data, and those obtained by Jeyaprakash and Hoy (2000) with Wolbachia DNA mixed with host insect DNA, indicate that Long PCR should be useful for evaluating the risk of accidental introductions of other microbial pathogens in or on natural enemies used in classical biological control programs. The Long PCR protocol requires only that one or more gene sequences of the potential plant pathogen be available for the designing of primers. Thus, Long PCR could be useful for evaluating other arthropod natural enemies introduced in classical biological control programs for the control of arthropod vectors of plant diseases. When primers for such Long PCR protocols are designed, our data indicate that longer (30-mers) primers are better than shorter (18-to 20-mers) and that the Long PCR protocol is more sensitive than Standard PCR by at least five orders of magnitude.
